Restoration of cutaneous pigmentation has been achieved in stable vitiligo by autologous melanocyte transplantation. This study was aimed to develop a methodology to deliver melanocytes to vitiliginous area following their processing and culture in a centralized facility. Here we report a methodology to culture melanocytes on carrier films, transport the cells, and graft them on vitiliginous areas. The salient features of this study include: 1) development of polylactic acid (PLA) films that support melanocyte attachment, growth, and delivery; 2) establish transport conditions for skin biopsies from hospitals; 3) establish transport conditions for cultured cells from cell processing center to hospitals. Results suggest that PLA films could serve as carriers for melanocytes during transport. "Upside-down" application of the graft results in the migration of cells from the films into the dermabraded area. The transport conditions ensure cell viability for 96 h. This system could help clinicians, who do not have access to cell culture facilities, transplant cultured melanocytes in a cost-effective manner.
INTRODUCTION
depend on the ability to deliver the cells. The skin grafting method results in 1:1 area coverage while treatment with noncultured epidermal cell suspension gives cover-Vitiligo is the most common pigmentation disorder in which melanocytes in the skin and other tissues are age of three to four times the biopsy specimen size. Larger coverage of the affected area with small biopsy destroyed. Vitiligo is fairly common, affecting about 1-2% of the world's population. Vitiligo generally ap-specimen is possible by using cell culture techniques. In a direct melanocyte transplant procedure, the pa-pears in one of three patterns. In a focal pattern, the depigmentation is limited to one or only a few areas.
tient's normally pigmented skin is disassociated and the resulting cell suspension that includes melanocytes and Some people develop depigmented patches on only one side of their body (segmental pattern). But for most peo-other skin cells is directly added to depigmented areas that have been debrided (22, 23, 27, 37) . Some disadvan-ple who have vitiligo, depigmentation occurs on different parts of the body (generalized pattern).
tages of this method include the following: 1) Identification of the number of melanocytes administered at the site The goal of treating vitiligo is to restore the function of the skin and to improve the patient's appearance. De-remains unclear due to the presence of other cell types.
2) During application, the cells are sprayed or poured on spite the availability of various medical treatments for vitiligo, a large percentage of patients fail to achieve the depigmented area. This might result in cells getting lost in the dressing. Hence, the number of cells retained satisfactory results. Skin transplants can be a useful and efficacious method to treat vitiligo. Several procedures on the debrided area is unclear. 3) If the initial biopsy taken is small compared to the depigmented area, then the have been devised and tested: some consist in the simple transfer of epidermis sampled and implanted as is (1,17, number of melanocytes administered at the depigmented site would be insufficient to produce satisfactory levels of 25, 28) , whereas others are based on the transplantation of disaggregated cells (22, 23, 27) . The therapeutic suc-pigmentation. Some of these disadvantages can be overcome by developing a method to culture melanocytes in cess of the former method is partly determined by the ability and experience of the surgeon performing the vitro. The in vitro establishment of melanocytes cultures (10) resulted in the first breakthrough in understanding surgery, whereas the results of the latter methods mainly 352 GHOSH, SHENOY, AND KUCHROO human melanocyte biology. The efficacy of cultured mel-oxide (ETO). Physical properties of ETO-sterilized films were characterized using standard methods (IS/ASTM) anocytes to induce pigmentation has been demonstrated in vitiligo patients (7, 9) .
at the Indian Institute of packaging (Mumbai, India). Barrier property of the films against microbes (bacteria, Patients with stable vitiligo could be helped by transplanting autologous cultured melanocytes. However, there yeast, and fungi) was assessed by the ability of the films to prevent contamination of the underlying nutrient mix. is a need to develop a methodology to deliver the cultured cells to the patient to achieve uniform pigmenta-Skin Biopsy Transport tion. It has been reported that delivery of proliferating keratinocytes to the wound bed has resulted in enhanced Skin biopsy collection vials containing DMEM, Iscove media (Invitrogen, USA), 10% FBS (Hyclone, USA), epithelialization (4, 8, 13, 14, 18) . In the 'upside-down" technique, cells cultured on nonbiodegradable membranes antibiotic-antimycotic solution (Sigma, USA), and gentamycin (Invitrogen) were transported to hospitals in in-migrate from the membrane onto the wound bed and reconstitute an intact epidermis (12, 24, 31, 34, 38) . Simi-sulated boxes containing ice-packs. The insulated boxes were made of expanded polystyrene (EPS) and main-lar methodology was used to induce pigmentation by culturing epidermal cells on a substrate and placed onto tained a temperature of 8-25°C for 72 h. The vials were stored in the refrigerator for a maximum of 1 week until dermabraded vitiliginous areas as a graft (2,6).
To date, all the studies on melanocyte transplantation use. The biopsies were collected in the transport vials and shipped back in insulated boxes for further process-were conducted either in hospitals or in medical centers attached to research laboratories. None of the literature ing within 48 h of sample collection. reports the transport conditions for cells to be delivered Isolation of Melanocytes to hospitals. Viability of the melanocytes is essential for successful grafting. Critical parameters to ensure cell Melanocytes were isolated from skin punch biopsies obtained from surgically discarded adult skin after in-viability during transport include: shipping medium, which retains cell viability during its transport; primary formed consent. Cells were isolated and cultured as described by Rheinwald and Green (32) with certain modi-container, which holds the cells, ensuring aseptic conditions during their transport; secondary container, which fications. Briefly, the biopsies were trimmed of excess fat, washed serially in 70% alcohol, povidone-iodine maintains the required temperature during transport. Viable cells can be transported either as live or frozen cul-(Mundipharma, Switzerland), and antibiotic-antimycotic solution (Sigma). Depending on the thickness of the der-tures.
Polylactic acid (PLA) and polyglycolic acid (PGA) mis, the biopsies were incubated in 0.2-0.4% dispase (Sigma) for 1-18 h. After dispase digestion, the epider-are among the few synthetic degradable polymers that have been approved for clinical use. Culturing melano-mis was separated from the dermis and melanocytes were released from the epidermis by enzymatic diges-cytes on a delivery system avoids some of the disadvantages faced by existing cell delivery systems. The use of tion with 0.05% trypsin-EDTA (Invitrogen). Following trypsinization, trypsin activity was neutralized with 1 polymers-on which the cells are cultured and delivered-would improve the ease of handling during cul-mg/ml soybean trypsin inhibitor (STI) (Invitrogen) and the released cells were centrifuged at 800 rpm for 5 min ture and grafting. Advantages of using a transparent polymer include microscopic evaluation of cells during and resuspended in melanocyte medium (254-CF) (Cascade Biologics, USA). Cells were seeded in tissue cul-cell culture, as well as visualization of the underlying wound bed following their application on the depig-ture flasks (Nunc, USA) at 4 × 10 4 cells/cm 2 . Medium was replaced every alternate day. Cells were passaged mented skin. Here we report the use of PLA films (DL-PLA) as a delivery system for autologous melanocytes, on reaching 70-80% confluency. All studies were carried out at passages 2-3. as well as the ability to deliver cells to the lesion site.
MATERIALS AND METHODS

Viability of Donor Biopsies
Skin samples were transported in specially designed Poly(DL-lactic acid, 50:50) of average molecular weight 1,00,000 and having an intrinsic viscosity of 0.85 insulated boxes that maintain a temperature of 5-25°C for 72 h. To determine the effect of transport tempera-was prepared in Reliance Life Sciences (Mumbai, India).
tures and its duration on the viability of cells obtained Film Preparation from the skin biopsy, freshly obtained skin was divided into three equal parts and stored at 4-8°C (refrigerator), PLA (20%) in acetone (E. Merck, India) was cast on stainless steel plates by spin coating and left overnight 22-25°C (room temperature), and 37°C (incubator). The skin was processed 24, 48, and 72 h after storage. The at 37°C for drying. For cell culture, the films were cut to circles of 4.5-cm diameter and sterilized by ethylene epidermis was separated from the dermis, trypsinized, and the viability of the resulting single cell suspension Cell Growth on PLA Films was determined by the trypan blue dye exclusion method.
Melanocytes (0.1 × 10 6 ) were seeded on polystyrene Each experiment was performed with three individual dishes (TC dishes) (Nunc) or on PLA films placed in donor skins.
TC dishes and held in place with stainless steel rings. The cells were allowed to attach and the medium was Melanocyte Characterization replaced the next day. Melanocyte cell growth was ana-Immunofluorescence. Cultured melanocytes were seedlyzed on days 2, 3, and 4 after seeding by trypan blue ed in two-well chamber slides at 0.2 × 10 4 cells/well. method following trypsinization. Each experiment was The cells were fixed with 4% paraformaldehyde (Sigma) done in triplicate. for 20 min and washed twice with phosphate buffered Culture and Transport of Cells on PLA Films saline (PBS). Following permeablization with 0.2% Triton X-100 (Sigma), nonspecific sites were blocked with Sterilized PLA films were placed in specially de-1% BSA (Sigma) for 1 h. Cells were stained with prisigned transport dishes (Ampson, India) and soaked in mary monoclonal Mel-5 antibody (Signet, USA) for 1 PBS for 1 h. The film in each dish was held in place h, washed with PBS, and positive cells detected with with a polycarbonate ring. The cells were seeded at 3-5 Alexa Fluor 488-conjugated goat anti-mouse (Molecular × 10 4 cells/cm 2 and cultured for 2 days before transport. Probes, USA) secondary antibody. Cells were washed For shipping, the medium in the transport dishes was with PBS and incubated with DAPI (Sigma) for 10 min replaced with CO 2 -enriched KSFM (Invitrogen) medium at room temperature. Melanocytes were identified by the (1.0-1.5 µl/min for 100 ml) using a flow meter. The green fluorescence, while all cells in the field were declasps on the dishes were closed securely, thus ensuring tected by blue nuclei. The specificity of staining was an air-tight seal. The sealed dishes were placed in insudetermined with secondary antibody alone, which served lated boxes for transport. Insulated boxes used for transas control.
port simulation studies were validated using Temprecord data logger (Temprecord International Ltd., USA). DOPA Test. Cultured melanocytes before seeding on PLA films were cultured in chamber slides and fixed Graft Viability with 10% formalin in PBS for 3 h at 4°C. Cells were
The viability of the cells in the graft following transrinsed with PBS and incubated with L-DOPA (0.05 mg/ port was assessed indirectly by the MTT method (15) . ml) in PBS for 3 h at 37°C. Following incubation, the Briefly, MTT (0.5 mg/ml) was added to the cells in tripcells were rinsed with PBS and fixed with 10% buffered licate dishes on days 0, 1, 2, 3, and 4 after shipment. formalin for 1 h. Functional melanocytes stained brown Viable cells were indirectly determined by their ability in the presence of L-DOPA.
to convert soluble MTT to insoluble formazan crystals.
RT-PCR
The crystals were solubilized and the absorbance was Total RNA from melanocytes at different passages determined as the difference in optical density measured was extracted with Trizol reagent (Invitrogen) as per the at a test wavelength of 570 nm and a reference wavemanufacturer's protocol. Reverse transcription was perlength of 650 nm (Shimadzu UV-VIS Spectrophotomeformed with Superscript TM first-strand synthesis system ter, Japan). With the assumption that all cells at the time for RT-PCR (Invitrogen) as per the manufacturer's proof shipment (i.e., on day 0) were viable, the absorbance tocol. Gene amplification was carried out in 25-µl reacvalue at the time of shipment was assumed to be 100%. tion volume each containing 1.5 µl of cDNA in PCR Viability was calculated at each time point as a percent-Supermix (Invitrogen). PCR conditions used were: 5 age of absorbance compared with the absorbance at day 0. min at 95°C followed by 95°C for 45 s, 55°C for 45 s, Animal Studies and 72°C for 45 s with a final extension of 10 min at 72°C. Amplification was performed in a thermal cycler Melanocytes (4 × 10 4 cells/cm 2 ) were seeded on PLA films and cultured for 3 days. At the time of transplanta-(Biometra, Germany) with the following specific primers designed from sequences obtained from Genbank. tion, the cells were rinsed in HBSS and the films inverted on the wounds as mentioned below. MART-1 (240 bp): 5′-GCTCATCGGCTGTTGGTATT-3′ (sense), 5′-ATAAGCAGGTGGAGCATTGG-3′ (antisense); SCID mice (4 months old) were anesthetized using a cocktail of 80 mg/kg ketamine, 40 mg/kg xylazine, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (701 bp): 5′-GGG-CTG-CTT-TTA-ACT-CTG-GT-3′ (sense), 0.05 mg/kg atropine, IP. Hair on the dorsal side was shaved and the skin cleaned with 70% ethanol. Partial 5′-TGG-CAG-GTT-TTT-CTA-GAC-GG-3′ (antisense). The PCR products were separated on a 2% agarose gel thickness wounds of 1 cm 2 were created on the dorsal side of animals under aseptic conditions. The wounds and visualized under UV light (Image master, Amersham Biosciences, USA).
were rinsed with saline and the PLA films seeded with melanocytes were inverted on the wounds and covered transport container maintains a temperature range of 8-25°C for 72 h. Temperatures for transport validation with paraffin-embedded gauze, which was held in place with surgical plaster. Animals were housed individually were therefore selected to cover the entire range of temperatures to which the donor skin might be exposed dur-and provided with food and water ad libitum. All animals were handled in accordance with the CPCSEA ing transport. The viability of the biopsies was assessed on the basis of the cell viability obtained from biopsies guidelines for the welfare of laboratory animals laid down by the Government of India. After 72 h, the ani-that were stored at 4-8°C, 22-25°C, and 37°C. Cell viability was assessed from biopsies stored at 37°C as con-mals were sacrificed and their wounds excised. The tissues were fixed in formalin and embedded in paraffin.
trols simulating body temperature. The frequency of assessment was after 24, 48, and 72 h. At every time point, Immunohistochemical staining to detect migrated melanocytes was performed on 5-µm-thick sections using the skin samples were processed as mentioned under Materials and Methods and cell viability assessed on the IHC HRP detection kit (Chemicon, USA). Briefly, sections were blocked with blocking buffer from the kit single cell suspension obtained following trypsinization of the epidermis. The data in Figure 1 indicate that more and then incubated with either monoclonal human nuclei antibody 1:50 (Chemicon) or monoclonal MEL-5 anti-than 80% of the cells were viable for 72 h under all transport conditions, with the maximum viability (92%) body 1:50 (Signet, USA). Subsequently, the samples were incubated with biotinylated goat anti-mouse sec-being observed in tissues stored at 37°C. This suggests that the biopsy can be processed within a period of 72 ondary antibody followed by HRP streptavidin present in the kit. Diaminobenzidine (Sigma) was used as sub-h from the time of collection without significant loss in cell viability. strate to obtain a signal in positive cells. In addition, sections were stained with secondary antibody alone as Melanocyte Cultures control for nonspecific binding of the secondary antibody.
Normal melanocytes were isolated and cultured from punch biopsies (8 mm) that were obtained from 22 do-Statistics nors, age 25-63 years, following informed consent. On The data were analyzed for statistical significance usan average, 1.6 × 10 6 /cm 2 viable cells (by trypan blue ing Student's t-test (two-tailed) and statistical signifiexclusion method) were isolated from the epidermis of cance was accepted at p < 0.05. Experimental results each biopsy. Using earlier mentioned culture conditions, were expressed as the mean ± SD.
we were able to culture melanocytes for greater than three passages in all patients irrespective of age, sex, or RESULTS presence or absence of vitiligo. In some cases we were PLA Film Characteristics able to culture cells until passage 7 without change in cell morphology. Longer time duration to reach conflu-Poly(DL-lactic acid, 50:50) films were fabricated by ency was observed in donors of 45 years and above solvent casting method. Physical characteristics of the (data not shown). films following ETO sterilization are provided in Table 1 .
Culturing of Functional Melanocytes Biopsy Transportation
To determine the biopsy transport conditions essen-Microscopic evaluation of cultured melanocytes ( Fig.  2A) shows fewer dendritic processes compared to tial for retaining the viability of the cells, we performed experiments under different transport conditions. The freshly isolated cells. To determine the percentage of melanin. Melanocytes at all passages in culture produced a brown pigment on addition of L-DOPA (Fig. 2C ).
MART-1 (also known as Melan-A) forms a complex with Pmel17 (melanosomal protein) and affects its expression, stability, trafficking, and the processing, which is critical to the formation of stage II melanosomes (36) . MART-1 is thus indispensable for Pmel17 function and plays an important role in regulating mammalian pigmentation. Levels of MART-1 expression remained unchanged in all passages of cultured melanocytes (Fig.  2D) , indicating the ability of the cultured cells at all tested passages to induce pigmentation. We have tested the expression levels until passage 5. GAPDH served as an internal control for equal RNA loading. same morphology as those on TC dishes (Fig. 3A) . No significant differences in cells numbers were observed between cells grown on TC dishes and PLA films (Fig. 3B) . melanocytes obtained in the medium used for cell culture, a melanocyte-specific marker, MEL-5, was used Shipping of Cultured Melanocytes for cell identification studies. All DAPI-positive cells tested positive for MEL-5 (Fig. 2B) , indicating that the To retain the viability of cells during transport from a central processing center to various tertiary hospitals, cell culture medium specifically supported melanocytes growth. Repigmentation by melanocytes in vitiligo is we used specially fabricated polycarbonate dishes (Fig.  4A, B) . These transparent dishes enabled visualization possible only if the melanocytes can produce melanin. Functional melanocytes can be detected by their ability of the cells during culture and are easy to handle during culture and transport. To determine if cells on PLA films to convert L-DOPA to an insoluble brown precipitate, retained their viability during transport, the dishes were mice as mentioned under Materials and Methods. The animals were sacrificed after 72 h; the wounds were ex-subjected to conditions simulating transport, and the viability of the cells was assessed for 4 consecutive days cised and processed for immunohistochemical examination. Melanocytes were identified by the presence of by MTT method. The viability of the cells on the day of shipping was assumed to be 100%. Under transport MEL-5-positive staining (Fig. 5A, B) . MEL-5-positive cells were observed in the wound bed (arrow). The pres-conditions, about 80% of cells retained their viability for about 96 h (Fig. 4C) . It is assumed that within 96 h the ence of migrated human melanocytes was verified by observing a similar staining pattern with anti-human nu-cells under shipping conditions could be transported to tertiary hospitals without much loss in viability. A slight clei antibody (Fig. 5C, D) . increase in viability observed at 96 h could be attributed DISCUSSION to the temperature in the insulated box, which had reached about 25°C by 72 h (Fig. 4D) . Proliferation of Using cell culture techniques large hypopigmented areas can be treated with cells cultured from a small few cells might have started at this point, leading to increased cell numbers. The temperatures maintained by donor biopsy. The successful treatment of a patient with piebaldism by Lerner (19) had opened the door for fur-the insulated box during transport simulation condition were 11-24°C for a period of 96 h (Fig. 4D) .
PLA Films Support Melanocytes Growth
ther advances in the treatment of patients who do not have melanocytes in certain areas of the skin, as seen in Melanocytes Migrate Into the Wound Bed patients with vitiligo or piebaldism, or as a consequence of severe mechanical or thermal trauma. A variety of Evidence for the migration of melanocytes from PLA films inverted on the wound bed was assessed in SCID cell delivery systems such as epidermal cell suspensions (22, 23, 27, 37) , cells cultured on collagen-coated mem-degradation rate, proven nontoxicity, high strength, and controlled degradation rate (3, 30, 33) . Besides, PLA films branes (2,6), or hyaluronic acid membranes (29) have shown good results. However, drawbacks of these deliv-have the following advantages of being semipermeableocclusive to liquid and bacteria yet permeable to water ery systems include difficulty in retaining melanocytes at the wound site or visualization of the cells during vapor, oxygen, and carbon dioxide-and adhering to the wound bed, thereby facilitating cells to contact the wound cell culture. Advantages of culturing cells on transparent films include microscopic evaluation of cells during cell bed and migrate. The viability of the biopsy at the time of its process-culture and visualization of the wound bed after grafting. Polymer films also ease graft handling during its appli-ing for cell culture is critical for obtaining viable melanocytes. The percent viability of cells isolated from the cation as well as permit grafts to be trimmed to fit vitiliginous lesions.
epidermis reflects the viability of the graft. The greater the viability of the isolated cells, the better the chances We had chosen PLA as a substrate to deliver melanocytes for transplantation in lieu of its reported biochemi-of melanocyte survival and proliferation. Following excision, skin biopsies in transport medium retain about cal properties that include biocompatibility, controlled 80% of their viability for 96 h when stored at 5-37°C. Insulated boxes filled with cool packs maintain 5-25°C temperature under transport conditions for 96 h. Thus, viable epidermal cells could be isolated from biopsies that were in transit for 72 h. It is presumed that within 72 h it would be possible to deliver viable skin biopsies from tertiary hospitals to the central processing center. Using culturing technique it was possible to isolate and propagate enough melanocytes from a 1-cm 2 biopsy specimen to cover a 500-cm 2 vitiliginous area (39) . Conditions used previously for melanocyte isolation and propagation included tumor-promoting agents like PMA, which are not recommended for transplantation. Hsu cultured melanocytes in the absence of phorbol esters (16), while Czajkowski established melanocyte cultures in a serum-free system fit for transplantation (9) . Recently, Tegta (35) , using noncultured epidermal suspension, suggested that the minimum number of melanocytes required to produce satisfactory repigmentation is probably in the range of 210-250 cells/mm 2 . With our culture conditions, from a 1-cm 2 skin biopsy, we were able to obtain grafts of 64 cm 2 with a seeding density of 3 × 10 4 /cm 2 in 35-40 days. This suggests the potential advantage of using culture conditions to propagate melanocytes obtained from a small biopsy to cover large vitiliginous lesions. To obtain large numbers of melanocytes with minimal manipulation, a suitable microcarrier system as reported by Liu et al. (20) could be used for large-scale expansion of cells.
The viability of cells during transport from the processing center to the hospital depends upon cell storage medium, shipping conditions, and duration of transport. Cells are usually cultured in incubators at 37°C in an environment of 5% CO 2 . During shipping, the cultures The presence of melanocytes at the vitiliginous site patient. Advantages of this system include: cell processing in a centralized unit that complies with current good is critical for induction of pigmentation. The melanin pigment produced by the melanocytes is transferred manufacturing practice (cGMP) norms; hospitals not equipped with cell culture facilities could now provide through their dendrites to the neighboring keratinocytes. The suitability of using PLA films to deliver melano-patients with cell therapy; larger areas can be covered with an initial small skin biopsy; ease of graft handling cytes has been confirmed by the animal studies following the "upside-down" application of melanocytes during culture and its application. Our proposed model for cell therapy could also be extended to several other cultured on PLA films at the wound site. Cultured melanocytes on PLA films could be delivered per se or as autologous and allogeneic cell-based therapies. cocultures along with autologous or allogeneic keratino-ACKNOWLEDGMENTS: We would like to thank Dr. Harinarcytes. The advantage of delivering melanocytes with ayan Rao for helping with animal studies, Dr. Vidhya Rangaswamy for providing PLA, and Dr. Yashwant Tawade, KEM keratinocytes would include early wound epithelializa-Hospital, Pune for providing us with skin biopsies. We gratetion (5, 11, 21, 26) , thereby aiding in early wound closure. though effective, is an expensive therapy requiring specialized instruments, trained personnel, and clean room REFERENCES requirements. Most of the studies performed to date are
